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Abstract 23 
Chlorine demand of a water sample depends on the characteristics of dissolved organic matter 24 
(DOM). It is an important parameter for water utilities used to assess oxidant and/ or disinfectant 25 
consumption of source waters during treatment and distribution. In this study, model compounds 26 
namely resorcinol, tannic acid, vanillin, cysteine, tyrosine, and tryptophan were used to represent 27 
the reactive moieties of complex DOM mixtures. The reactivity of these compounds was evaluated 28 
in terms of Cl2 demand and electron donating capacity (EDC). The EDC was determined by 29 
mediated electrochemical oxidation (MEO) which involves the use of 2,2′-azino-bis(3-30 
ethylbenzthiazoline-6-sulfonic acid) (ABTS) as an electron shuttle. The Cl2 demand of readily 31 
oxidizable compounds (resorcinol, tannic acid, vanillin, and cysteine) was found to correlate well 32 
with EDC (R2 = 0.98). The EDC values (mol e-/mol C) of the model compounds are as follows: 33 
1.18 (cysteine) > 0.77 (resorcinol) > 0.59 (vanillin) > 0.52 (tannic acid) > 0.36 (tryptophan) > 0.19 34 
(tyrosine). To determine the effect of pre-oxidation on EDC, ozone was added (0.1 mol O3/mol C) 35 
into each model compound solution. Ozonation caused a general decrease in EDC (10 – 40%), 36 
chlorine demand (10 – 30%), and UV absorbance (10 – 40%), except for tyrosine which showed 37 
both increased UV275 and EDC. Before and after ozonation, 24 h disinfection byproduct (DBP) 38 
formation potential tests (Cl2 residual = 1.5 mg/L) were conducted to evaluate the use of EDC for 39 
DBP formation prediction. The results indicate that there was no significant correlation between 40 
the EDC of the model compounds and the formation potentials of adsorbable organic chlorine, 41 
trichloromethane, and trichloroacetic acid. This suggests that while EDC correlates with Cl2 42 
demand, chlorine consumption may not directly translate to DBP formation because oxidation 43 
reactions may dominate over substitution reactions. Overall, this study provides useful insights on 44 
the reactions of ABTS•+ and HOCl with model DOM compounds, and highlights the potential 45 
application of MEO for rapid determination of Cl2 demand of a water sample. 46 
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 49 
1. Introduction 50 
In recent years, reducing the formation of disinfection byproducts (DBPs) has become a major 51 
endeavor of drinking water utilities worldwide. DBPs are formed from the reaction of 52 
disinfectants like chlorine with dissolved organic matter (DOM) of the source water (Krasner 53 
2009, Rook 1977, Sedlak and von Gunten 2011). Their concentrations vary depending on the 54 
reactivity and concentrations of DOM as well as the oxidant dose and exposure. DBPs have raised 55 
concerns because of their potential adverse human health effects (Nieuwenhuijsen et al. 2009, 56 
Plewa et al. 2008, Stalter et al. 2016). As a consequence, regulations for selected DBPs were 57 
introduced in many countries, driving water utilities to optimize their treatment strategies.   58 
Ozonation has been widely used as an intermediate process to reduce DBP formation associated 59 
with drinking water chlorination (Lyon et al. 2014, Rosario-Ortiz et al. 2016, Wert and Rosario-60 
Ortiz 2011). Since ozone is a strong oxidant, the reaction centers for chlorine can already be 61 
consumed by ozone, inhibiting DBP formation from subsequent chlorination. For example, 62 
previous studies have shown that hydrophobic (Hua and Reckhow 2007), high molecular weight 63 
DOM fractions (Kristiana et al. 2010) and moieties containing phenols (Gallard and von Gunten 64 
2002a), m-dihydroxybenzenes (Gallard and von Gunten 2002a, Rook 1977, Tretyakova et al. 65 
1994), ß-diketoacids (Dickenson et al. 2008), and ß-diketones (Deborde and von Gunten 2008) 66 
are significant precursors of trihalomethanes (THMs) and haloacetic acids (HAAs). Oxidizing 67 
these precursors prior to chlorination could then minimize THM and HAA formation. As ozone 68 
oxidizes DOM, it also generates low molecular weight compounds (e.g., aldehydes and ketones) 69 
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(Hammes et al. 2006), which are still reactive with chlorine and form DBPs like chloral hydrate 70 
and haloketones (de Vera et al. 2015, Krasner et al. 2006).  71 
To predict DBP formation from various treatment schemes (e.g., ozonation, chlorination), it is 72 
important to be able to characterize DOM. This can be achieved using characterization techniques 73 
which are usually not readily accessible to water operators. Some of these techniques include 74 
Fourier-transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, pyrolysis gas 75 
chromatography and mass spectrometry, size exclusion chromatography, resin fractionation, 76 
among others (Matilainen et al. 2011). Various studies also monitored parameters like dissolved 77 
organic carbon (DOC), specific UV absorbance (SUVA), and fluorescence (excitation-emission 78 
matrix) to provide information on the general properties of DOM (Farré et al. 2016, Hua et al. 79 
2015, Yang et al. 2008). These parameters, however, do not translate to the actual reactivity of 80 
DOM with oxidants. 81 
Assessment of antioxidant properties of compounds has been reported on various matrices 82 
including body fluids, food extracts, soils, and other environmental samples (Huang et al. 2005, 83 
Nurmi and Tratnyek 2002). Initial studies were found for dietary and biological antioxidants that 84 
can counteract the effect of reactive oxygen species in the body (Rice-Evans et al. 1995, Rive-85 
Evans et al. 1997, Salah et al. 1995, Temple 2000). In these studies, antioxidant capacities were 86 
investigated using inhibition assays where scavenging of electrons by a pre-formed radical (e.g., 87 
cation radical of 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS•+)) is the measure of 88 
antioxidant capacity  (Huang et al. 2005, Re et al. 1999). This approach, however, measures the 89 
antioxidant capacity relative to the inhibition by another chemical (e.g., Trolox equivalent 90 
antioxidant capacity) and does not provide a direct measurement of the electrons participating in 91 
the reactions. Others investigated the redox-active components of various DOM fractions (e.g., 92 
quinone-hydroquinone moieties) using voltammetric techniques (Fimmen et al. 2007, Nurmi and 93 
Tratnyek 2002). 94 
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Recently, the research group of Aeschbacher et al. (2010) developed a novel mediated 95 
electrochemical oxidation (MEO) method to quantify electrons transferred during reactions with 96 
DOM. In this method, ABTS was used as an electron shuttle between the carbon electrode and 97 
standard organic matter samples. This method was used in other studies to investigate the 98 
electron-donating capacity (EDC) of various humic substances (Aeschbacher et al. 2012, Klüpfel 99 
et al. 2014) and to understand the impact of oxidation by chlorine, chlorine dioxide, and ozone on 100 
DOM characteristics (Wenk et al. 2013). Chon et al. (2015) also developed a method using size 101 
exclusion chromatography with post-column reaction and demonstrated that EDC can serve as a 102 
surrogate parameter to evaluate micropollutant removal and bromate formation during wastewater 103 
ozonation. These few studies used complex DOM mixtures which contain various reactive 104 
moieties including phenols, amines, thiols, and others. Individually, each of these moieties could 105 
react with oxidants differently. Understanding the reactivity of these moieties towards the MEO is 106 
therefore worth exploring to identify important insights on DOM reactivity (e.g., extent of 107 
electron transfer reactions). In terms of applications, the measured EDC might be a valuable 108 
alternative for a rapid assessment of the oxidant demand and DBP formation potentials of source 109 
waters in treatment plants. If EDC could be used for these purposes, Cl2 demand and DBP 110 
formation potentials, which normally requires ≥24 h under laboratory conditions, could be rapidly 111 
determined within an hour. Applying the EDC measurement in this context, however, remains 112 
unexplored and requires further investigation.  113 
This study, therefore, evaluates the use of MEO to assess the reactivity of various model DOM 114 
compounds. The measured EDC values were also assessed as a potential surrogate parameter for 115 
Cl2 demand and DBP formation potentials. The compounds include resorcinol, tannic acid, and 116 
vanillin to represent phenol-rich DOM fractions which are known important DBP precursors. 117 
Substituted phenols, particularly m-dihydroxybenzenes (e.g., resorcinol), were identified to 118 
generate high THM yields (Rook 1977). Tannins (e.g., tannic acid) and lignins (e.g., vanillin) are 119 
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abundant aromatic plant materials in terrestrial ecosystems that form THMs and HAAs during 120 
chlorination (Bond et al. 2009, Hua et al. 2014). As organic nitrogen fraction of DOM also exerts 121 
oxidant demand and serve as significant precursor of carbon- and nitrogen-based DBPs (Bond et 122 
al. 2011, Bond et al. 2014), experiments involving amino acids such as cysteine, tyrosine, and 123 
tryptophan were also conducted. Furthermore, each compound was ozonated to assess the effect 124 
of pre-oxidation on EDC, subsequent reactivity of DOM towards chlorine, and DBP formation.  125 
 126 
2. Experimental Methods 127 
2.1. Surrogate DOM compounds 128 
Resorcinol (>99.0%, Sigma-Aldrich 398047, India), tannic acid (ACS reagent, Sigma-Aldrich 129 
403040, China), vanillin (99%, Sigma-Aldrich V2375, USA), L-tyrosine (≥98%, Sigma-Aldrich 130 
T3754, Germany), L-tryptophan (≥98%, Sigma-Aldrich T0254, USA), L-cysteine (≥ 98%, Sigma-131 
Aldrich C7477, Japan) were chosen as model compounds to represent the various moieties of 132 
DOM (e.g., phenolic, amino, thiol groups) that influence its reactivity towards oxidants (e.g., 133 
chlorine and ozone) (Table 1). All stock solutions of the surrogate DOM compounds were 134 
prepared using Milli-Q Direct ultrapure water (18.2 MΩ-cm, Millipore). Sample solutions were 135 
prepared to have about 40 mg/L DOC and buffered with phosphate at pH 7 (10 mM, using a 136 
mixture of NaH2PO4 (>99%, Ajax Finechem, Australia) and Na2HPO4 (Merck, Germany)). This 137 
DOC value was selected to support accurate quantification of electron transfer during MEO 138 
experiments, although less concentrated solutions could in principle also be analysed.  139 
2.2. Ozonation of model compounds  140 
Ozone stock solutions (1 – 1.3 mM) were prepared in MilliQ water by sparging gaseous ozone 141 
generated from pure oxygen (99.995%; Coregas, Australia) using an Anseros COM-AD-04 ozone 142 
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generator (Anseros, Germany). Concentrations of the stock solutions were determined 143 
spectrophotometrically using the absorbance at 260 nm (ε=3200 M-1cm-1) (von Sonntag and von 144 
Gunten 2012). Ozonation experiments in batch systems were performed to determine the impact of 145 
ozone on the EDC of the surrogate DOM compounds. The ozone stock solution was spiked into 146 
the model compound solutions (total volume = 1 L) to obtain a specific ozone dose of 0.4 mg 147 
O3/mg DOC (equivalent to 0.33 mM O3, 0.1 mol O3/mol C), which is a typical specific O3 dose 148 
applied for drinking water.  149 
2.3. Mediated electrochemical oxidation (MEO) 150 
The EDC of DOM surrogates (untreated and ozonated) was evaluated using the MEO method 151 
developed by Aeschbacher et al. (2010). Figure 1a shows the experimental set-up and the 152 
schematic of the MEO process. In this method, 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic 153 
acid) (ABTS; ≥ 98%, Sigma-Aldrich A1888, Canada) was used as the electron transfer mediator 154 
between DOM and the working electrode (i.e., reticulated vitreous carbon (RVC)) (Figure 1a). The 155 
RVC was used as the working electrode because of its high surface area that facilitates better 156 
electron transfer to and from the ABTS (Aeschbacher et al. 2010). The electrochemical cell is 157 
composed of a cylindrical RVC (45 ppi; dimensions: height = 5 cm, outer diameter = 4 cm, inner 158 
diameter = 3.5 cm, Duocel, ERG Materials and Aerospace Corporation; connected to a Ti wire 159 
with a conductive carbon/graphite paint (ProSciTech, Australia)), a Pt counter-electrode 160 
(contained in a bridge tube (Princetone Applied Research RDE0023)), and an Ag/AgCl reference 161 
electrode (BASi, USA). The frit in the bridge tube of the Pt electrode minimizes reduction of 162 
oxidized model compounds. The RVC is placed on top of a custom-made Teflon sheet with 163 
several well-separated circular holes (~0.3 cm diameter each). The Teflon base was used to 164 
prevent the direct contact of the spin bar (under the Teflon sheet) and the RVC during continuous 165 
mixing, ensuring homogeneity during sample addition. 166 
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To determine the EDC, the electrochemical cell was first filled with 60 mL electrolyte solution 167 
(0.1 M phosphate buffer (pH 7) + 0.1 M KCl (99.8%, Ajax Finechem, Australia)) and was 168 
polarized to an oxidizing potential of +0.725 V (vs standard hydrogen electrode (SHE)) using a 169 
VSP potentiostat−galvanostat (BioLogic, France). An oxidizing potential of +0.725 V (Wenk et al. 170 
2013) was used to ensure better oxidation of a wide array of DOM moieties (Aeschbacher et al. 171 
2012). For example, low molecular weight phenolic compounds like 4-methoxyphenol and 4-172 
methylphenol may not be oxidized at lower potentials (e.g., 0.61 V, pH 7) (Aeschbacher et al. 173 
2012). 390 µL of ABTS (20 mM) was then added to the electrolyte solution resulting in an 174 
oxidative peak current due to oxidation of ABTS to ABTS radical cation (ABTS•+) (ABTS•+ + e- 175 
 ABTS: Eh° = +0.68 V vs SHE). This redox process equilibrates after ~40 min subsequently re-176 
establishing the baseline of the chronoamperogram. Once the redox equilibrium was attained, 1 – 9 177 
mL of each of the surrogate DOM solutions were successively added. An example 178 
chronoamperogram is shown in Figure 1b. After each experiment, the RVC was rinsed with 179 
MilliQ water to remove adsorbed sample and ABTS from the RVC surface.  180 
The EDC was calculated from the slope of the plot of moles of electrons versus moles of carbon 181 
added (Figure 1b). The moles of electrons were calculated from the oxidative peak area divided by 182 
the Faraday constant (F=96485 A·s/mol e-) (Wenk et al. 2013). Similar to Aeschbacher et al. 183 
(2012), the experimental set-up was first tested using ascorbic acid and Trolox, which both have 184 
an expected EDC of 2. Using our system, the EDC for Trolox and ascorbic acid were 1.59 – 2.09 185 
mol e-/mol antioxidant, confirming the applicability of our system for MEO. Example 186 
chronoamperograms and plots for the determination of EDC of the model compounds are shown in 187 
Figures S1 and S2 of the Supplementary Material. 188 
 189 
 190 
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2.4. DBP formation potential test  191 
To assess the reactivity of the compounds with chlorine before and after ozone addition, DBP 192 
formation potential tests were performed. The procedure for this test was as described in previous 193 
studies (de Vera et al. 2015, Farré et al. 2013). Briefly, sodium hypochlorite (reagent grade, 194 
available chlorine 4 − 4.99%, Sigma-Aldrich, USA) was added to samples buffered at pH 7 with 195 
10 mM phosphate. After 24 h, the residual chlorine in the samples was 21 ± 5 µM Cl2 (1.5 ± 0.4 196 
mg/L as Cl2) which was measured using the N,N-diethyl-p-phenylenediamine (DPD) free chlorine 197 
colorimetric method (Hach, USA). The residual chlorine was quenched with L-ascorbic acid 198 
(≥99%, Sigma-Aldrich, China). The chlorine demand was calculated from the difference of the 199 
chlorine dose and residual chlorine. The samples used for this test were first diluted 8 times (~5 200 
mg/L DOC) to fit the linear calibration range of standards used for DBP analyses.  201 
2.5. Analytical methods 202 
2.5.1. Dissolved organic carbon and UV absorbance 203 
The DOC of the samples was measured with a Shimadzu TOC-L analyzer that was also equipped 204 
with a TNM-L total nitrogen analyzer unit and ASI-L autosampler (Shimadzu, Japan). The method 205 
reporting limit for DOC was 0.3 mg/L (measuring range = 0.3 to 50 mg/L). Scans of UV 206 
absorbance (200 – 600 nm) were obtained with a Varian Cary 50 Bio UV-Visible 207 
spectrophotometer (Varian, Australia).  208 
2.5.2. DBP analysis 209 
The following volatile DBPs were analyzed in aqueous samples at pH 7 after duplicate extractions 210 
with methyl tert-butyl ether (MtBE; 99.9%, Sigma-Aldrich, USA): trichloromethane (TCM), 211 
trichloroacetonitrile (TCAN), dichloroacetonitrile (DCAN), 1,1,1-trichloropropanone (TCP), 212 
trichloronitromethane (TCNM), chloral hydrate (CH), and trichloroacetamide (TCAM). The 213 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 - 10 -
calibration standards include the THM calibration mix (2000 µg/mL of TCM in methanol, 214 
Supelco, Bellefonte, PA, USA), EPA 551B halogenated volatiles mix (2000 µg/mL of DCAN, 1,1-215 
DCP, 1,1,1-TCP, TCAN, and TCNM in acetone, Supelco, Bellefonte, PA, USA), CH (>99.5%, 216 
Sigma-Aldrich 15307, Belgium), and TCAM (99%, Sigma-Aldrich 217344, Switzerland). 1,2-217 
dibromopropane (97%, Sigma-Aldrich, USA) was used as the internal standard.  MtBE extracts 218 
containing the volatile DBPs and the internal standard were injected into an Agilent 7890A gas 219 
chromatograph equipped with two independent electron-capture detector (GC/ECD) (Agilent, 220 
USA) connected to a separate DB-5 and a DB-1 Agilent column (30 m length x 0.25 mm inner 221 
diameter x 1.0 um film thickness each) and two injectors. The method reporting limit for all 222 
volatile DBPs was 0.1 µg/L (measuring range = 0.1 – 2000 µg/L) with recoveries normally ranging 223 
from 80% to 120%.  224 
2.5.3. Adsorbable organic chlorine (AOCl) 225 
The analysis of adsorbable organic chlorine (AOCl) was based on previously reported 226 
methodologies (Farré et al. 2013, Yeh et al. 2014) and are selective to non-volatile halogenated 227 
DBPs. In this method, 10 mL of quenched aqueous sample was first acidified with 10 µL of 228 
concentrated HNO3 (70%, Ajax Finechem, Australia). The acidified sample was then passed 229 
through 2 consecutive activated carbon cartridges (50 mg C in 3 mm ID Euroglass, CPI 230 
International, USA) using a 10 mL gas-tight Hamilton syringe. The cartridges were washed with 231 
8.2 g/L potassium nitrate (≥99%, Sigma-Aldrich, Australia) at a rate of about 5 mL/min to remove 232 
inorganic halides. The activated carbon was next transferred to sample boats for pyrolysis at 1000 233 
0C using a Mitsubishi AQF-2100 Automated Quick Furnace unit that is connected to a Dionex 234 
ICS-2100 Dual Channel Ion Chromatograph (IC) system (Thermo Fisher Scientific, Australia) to 235 
quantify resulting chloride ions (method reporting limit = 12 µg/L) which correspond to the AOCl. 236 
 237 
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2.5.4.  Haloacetic acids (HAAs) 238 
Trichloroacetic acid (TCAA) and dichloroacetic acid (DCAA) were measured at Queensland 239 
Health Forensic and Scientific Services (QHFSS) using an acidic, salted microextraction followed 240 
by derivatization with acidic methanol and GC/ECD analysis (US EPA Method 552.3 (Domino et 241 
al. 2003)). The method reporting limit for the HAA species was 5 µg/L. 242 
 243 
3. Results and Discussion 244 
3.1. Relationship of EDC with chlorine demand  245 
Figure 2a compares the Cl2 demand and EDC of the model DOM compounds. These parameters 246 
were obtained to measure how much oxidation can be attained using chlorine in batch tests and 247 
ABTS•+ in MEO. To allow for comparison with EDC, Cl2 demand was reported as mole of 248 
electrons per mole of C (i.e., 1 mole of HOCl = 2 moles of electrons).  It can be observed that for 249 
all compounds, Cl2 demand remained consistently higher than EDC (Figure 2a), likely because 250 
HOCl (i.e., HOCl + H+ + 2e-  Cl- + H2O: Eh° = +1.48 V) is a stronger oxidant than ABTS•+ 251 
(ABTS•+ + e-  ABTS: Eh° = +0.68 V) (Wenk et al. 2013). It is also possible that the contact time 252 
influenced the extent of oxidation as HOCl was allowed to react for 24 h, while the measurement 253 
of MEO was concluded in about 40 min. As a result, HOCl can induce more modifications in the 254 
parent compound’s structure than ABTS•+, leading to more oxidation products. For example, 255 
HOCl can react with phenolic compounds via electrophilic substitution reactions (Deborde and 256 
von Gunten 2008, Wenk et al. 2013). In this pathway, HOCl attacks at the ortho and para 257 
positions to the hydroxyl substituent, resulting in the formation of polychlorinated phenols and 258 
subsequent ring cleavage forming chlorinated non-aromatic products (Deborde and von Gunten 259 
2008). A faster reaction happens for the case of 1,3-dihydroxybenzenes (e.g., resorcinol), which is 260 
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known to be more sensitive to HOCl substitution due to its doubly activated carbon ortho to both 261 
hydroxyl substituents (Gallard and von Gunten 2002b). Also, hydroquinones and quinones could 262 
form from reactions initiated by electron transfer (Wenk et al. 2013). These reactions translate to 263 
chlorine dose-dependent decrease in reactivity (i.e., higher chlorine dose, lower EDC) of DOM 264 
standards like Suwannee River humic and fulvic acids (aromaticity = 22 – 31% (IHSS 2016)) as 265 
shown by Wenk et al. (2013). With ABTS•+, the reaction of the phenolic compounds is limited to 266 
electron abstraction to form phenoxyl radicals (i.e., ABTS•+ + ArOH  ABTS + ArO• + H+), 267 
which are subsequently oxidized to the corresponding quinones (Apak et al. 2007). The EDC and 268 
Cl2 demand of resorcinol, tannic acid, and vanillin were observed to correlate well (Figure 2a and 269 
2b), suggesting that EDC measured by MEO may be a useful rapid predictor of Cl2 demand for 270 
these aromatic compounds. 271 
For amino acids, only cysteine adheres with the correlation of EDC and Cl2 demand (Figure 2b). 272 
This is expected due to the presence of a thiol group in cysteine which is easily oxidized by both 273 
ABTS•+ and HOCl. Chlorination of sulfur-containing moieties produces a sulfonic acid (e.g., 274 
cysteic acid) and can proceed through different intermediates involving sulfenyl chloride, 275 
disulphide bond, and/or sulfonyl chloride (Deborde and von Gunten 2008). Although the primary 276 
attack of chlorine is at the sulfur moiety, oxidation of the amino group is also possible (i.e., with 277 
rate constants 1–2 orders of magnitude lower than that of the thiol group) (Deborde and von 278 
Gunten 2008). For tyrosine and tryptophan, the response of chlorine demand tests and MEO varies 279 
significantly from the linear correlation obtained for the other compounds (Figure 2b). Cl2 280 
demand/EDC ratios of 5.3 and 10.9 were found for tryptophan and tyrosine, respectively, which 281 
deviate with those obtained for resorcinol, tannic acid, vanillin, and cysteine (Cl2 demand/EDC 282 
ratio = 2). The plot of chlorine demand versus EDC (Figure 2b), excluding tyrosine and 283 
tryptophan, gave a slope of 1.99 (R2 = 0.98), suggesting that HOCl is capable of abstracting more 284 
electrons than ABTS•+. This slope might also relate to the 2 electrons involved during oxidation by 285 
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HOCl and one electron by ABTS•+.  286 
The results for tyrosine and tryptophan could be associated to the low reactivity of ABTS•+ with 287 
these amino acids as well as with their primary oxidation products (e.g., amino acid radical, AA•). 288 
With an excess of ABTS•+, reactions 1–3 are expected to occur, with reaction 1 being the rate 289 
determining step (see below) (Aliaga and Lissi 2000). This mechanism involves initial hydrogen 290 
transfer to form AA• (reaction 1), secondary reactions of AA• with itself (reaction 2) or with 291 
another ABTS•+ forming non-radical products (reaction 3). The low EDC of tyrosine and 292 
tryptophan could be caused by their radicals not being readily produced compared to cysteine 293 
which possesses a weak RS–H bond that promotes reaction 1. Further reaction of tyrosine and 294 
tryptophan radicals may also not be favorable with ABTS•+ but are amenable for electron 295 
abstraction and substitution by HOCl; hence the observed low EDC but high Cl2 demand. Another 296 
possibility is that tyrosine and tryptophan radicals may have efficient channels for reaction 2 to 297 
proceed, leading to elimination of the radical chain reactions. This route might explain the 298 
formation of dityrosine cross-links which is among the major oxidation products of tyrosine 299 
(Figure S4). The observed results for the amino acids also agree with the findings of Aliaga and 300 
Lissi (2000) where they showed that the  overall reactivity of ABTS•+ with amino acids decreased 301 
as follows: cysteine >> tryptophan > tyrosine. Their results showed that the overall reactivity of 302 
the compounds is directly proportional to the rate constant of the initial step (i.e., reaction 1: 303 
higher lability of the hydrogen bond, higher reactivity with ABTS•+).  304 
ABTS•+ + AAH ↔ ABTS + AA• + H+ (1) 305 
AA• + AA• → non-radical products  (2) 306 
ABTS•+ + AA• → non-radical products (3) 307 
EDC and chlorine demand were also compared to the average oxidation state (AOS) of C of each 308 
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compound (AOS = 4×(total organic carbon – chemical oxygen demand) / total organic carbon, all 309 
units in mol/L making AOS dimensionless) (Parra et al. 2000) (triangle symbols in Figure 2a). 310 
AOS values range from -4 (for CH4) to +4 (for CO2), corresponding to the most reduced and 311 
oxidized state of carbon, respectively. For compounds with other electron-rich groups like amines 312 
and thiols of the amino acids, additional electrons from the N and S atoms besides those 313 
contributed by C are also included in the AOS calculations and averaged among the C atoms in the 314 
molecule. In some cases, this can lead to AOS values outside of the -4 to +4 range, possible for 315 
molecules containing C, H, and O only; e.g., the AOS of cysteine (C3H6NO2S) is -4.67 as the 316 
oxidation states of N (-III) and S (-II) allow for a total of 16 additional electrons to be abstracted 317 
for these heteroatoms to reach their respective maximum oxidation state.  318 
These oxidation states are relevant in this study to assess the number of electrons needed for 319 
oxidation (i.e., compounds with lower AOS need more electrons to get oxidized). This is apparent 320 
in Figure 2a, where the low AOS of cysteine (-4.67) corresponds to the highest chlorine demand 321 
(2.6 mol e-/mol C) and EDC (1.2 mol e-/mol C). In contrast, the high AOS of tannic acid (0.53) 322 
resulted in a lower chlorine demand and EDC. From the AOS, the theoretical EDC of each 323 
compound (tEDC) can also be derived, assuming complete oxidation of the C atom to CO2 (i.e., 324 
tEDC = AOS of CO2 – AOS of compound). The percentage of electrons abstracted by HOCl or 325 
ABTS•+ can be estimated relative to tEDC, and NOM moieties can be classified in terms of their 326 
reactivity with the oxidants. In this study, three fractions were distinguished: (1) oxidizable by 327 
both ABTS•+ and HOCl, (2) not oxidizable by ABTS•+ but oxidizable by HOCl, and (3) oxidizable 328 
neither by ABTS•+ nor by HOCl. Figure 2c and Table S1 (Supplementary Material) show the 329 
relative distribution of reactive and non-reactive moieties of the model compounds. For resorcinol, 330 
tannic acid, vanillin, and cysteine, 14 – 18% of the tEDC can be abstracted by ABTS•+. An 331 
additional 16 – 21% can be abstracted by HOCl oxidation, while the majority of the tEDC is not 332 
oxidized. For tyrosine and tryptophan, only about 4 – 6% of the tEDC was abstracted by ABTS•+ 333 
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while for HOCl, it was 34 – 40%. The high percentage of non-oxidized C for all compounds (60 – 334 
70%) is not surprising given that complete mineralization of organic carbon is unattainable under 335 
typical water treatment conditions. For example, even with the use of ozone, a stronger oxidant 336 
than chlorine, only about 10% of a water sample’s organic carbon can be mineralized (Nothe et al. 337 
2009).  338 
3.2. Effect of ozonation on EDC of model compounds 339 
To determine the effect of pre-oxidation on the EDC, the model compounds were subjected to 340 
ozonation experiments. Figure 3 shows the effect of ozone on EDC, Cl2 demand, and UV 341 
absorbance at selected wavelengths. For comparison, the results were presented relative to the 342 
initial value before ozonation. The actual values of EDC and Cl2 demand are shown in Tables S2 – 343 
S3. The UV spectra of each solution before and after ozonation are also given in Figure S3. 344 
Similar to HOCl, ozone reacts with electron-rich moieties of the model compounds (Figure S4).  345 
For phenolic moieties, ozone reacts via a transient O3 adduct which can decompose into aliphatic 346 
products (e.g., aldehydes, ketones, carboxylic acids) via ring opening reactions (von Sonntag and 347 
von Gunten 2012). In competition with this is the formation of hydroxylated products from oxygen 348 
transfer as well as quinones and dimerized compounds (e.g., dityrosine) from the loss of 349 
superoxide (O2•-) and ozonide (O3•-) (Figure S4a – S4c) (von Sonntag and von Gunten 2012). 350 
Apart from activated aromatic systems, ozone can also selectively oxidize amine nitrogen and thiol 351 
groups of amino acids (Figure S4d and S4e) (von Sonntag and von Gunten 2012), leading to the 352 
formation of various oxygen-containing N and S oxidation products (e.g., N-formylkynurenine of 353 
tryptophan and cysteic acid of cysteine) (Sharma and Graham 2010). These reactions can result in 354 
decreased reactivity of chlorine towards the pre-oxidized compounds, as shown in this study 355 
(Figure 3).  Except for tyrosine, the EDC, Cl2 demand, and UV absorbance of all model 356 
compounds decreased after ozonation. The measured decreases of EDC by about 10 – 40% (0.1 357 
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mol O3/mol C) were comparable to those observed previously for DOM standards at the same 358 
ozone dose (Wenk et al. 2013).  359 
For resorcinol and tannic acid (Figure 3), a similar decrease in EDC and Cl2 demand was observed 360 
indicating that ABTS•+ and HOCl have a proportional effect on their ozonation products. The 361 
decreased UV absorbance after ozonation was a result of the attack of ozone on the phenolic rings 362 
leading to the formation of aliphatic compounds (Figure S4a) (von Sonntag and von Gunten 2012). 363 
Some muconic-type compounds (olefins) could be responsible for the residual reactivity of the 364 
solution towards both HOCl and ABTS•+. For vanillin, a slightly larger decrease in UV absorbance 365 
(32%) compared to EDC (14%) could be a result of ring cleavage products that are not readily 366 
oxidizable by MEO. The remaining UV absorbing moieties are expected due to electron-transfer 367 
reactions producing hydroquinones and quinones (Figure S4b).  368 
Tyrosine (Figure 3) was observed to have a higher EDC after ozonation but a lower Cl2 demand. 369 
This observation could be attributed to the possible formation of hydroxylated products and 370 
covalent intermolecular dityrosine cross-links (Figure S4c) from phenoxyl radicals formed via 371 
electron-transfer reactions (Verweij et al. 1982). These reactions are also supported by an increase 372 
in UV absorbance at 275 nm (Figure S3d). Since the dimer is also an expected product during 373 
tyrosine chlorination (Spiegel et al. 2001), the Cl2 demand after ozonation decreased. The increase 374 
in EDC of the ozonated solution suggests that the oxidation products are still amenable to 375 
reactions with ABTS•+. Further studies on tyrosine oxidation products, however, are needed to 376 
confirm this hypothesis.  377 
For tryptophan and cysteine (Figure 3), the removal of EDC was higher compared to Cl2 demand. 378 
EDC of tryptophan decreased by 43% while Cl2 demand decreased by 20%. For cysteine, the EDC 379 
removal (39%) was about three times higher than the Cl2 demand removal (11%). The EDC 380 
decrease after ozonation of cysteine was also consistent with the complete consumption of O3 by 381 
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the highly reactive thiol group of the amino acid (i.e., 0.33 mol O3/ 0.86 mM cysteine = 0.39 mol 382 
O3/mol cysteine). The low Cl2 demand removal for tryptophan and cysteine could be due to the 383 
presence of ozonation products that are still reactive with HOCl, causing a small net effect in Cl2 384 
demand. For example, kynurenine, one of the primary products of ozonation of tryptophan, was 385 
reported to form various chlorination byproducts (Ueno et al. 1996). Cystine from cysteine 386 
ozonation can also be further oxidized by HOCl to form cysteic acid (Pereira et al. 1973).   387 
3.3. EDC and DBP formation 388 
This study also aimed at determining the relationship of EDC with the resulting DBPs with post-389 
chlorination. After ozonation, varying effects were observed (Tables S2 – S3) for the formation 390 
potentials of different DBP species. Consistent with previous studies, TCNM and TCP increased 391 
after O3/HOCl treatment of all amino acids due to formation of nitromethane (McCurry et al. 392 
2016) and methyl ketones (Lee and von Gunten 2016, von Gunten 2003) during ozonation. Except 393 
for tryptophan, CH also increased after ozonation of all precursors as a result of formation of 394 
aldehydes with ozone (Hammes et al. 2006). The formation of TCAA was also decreased by 5 – 395 
30% for all precursors because of the pre-oxidation of the reaction centers for chlorine.  For the 396 
other DBPs (e.g., TCM, DCAN, TCAM, DCAA, and AOCl), a mixture of effects was observed 397 
likely because of the varying oxidation products, brought about by reactions of ozone and 398 
hydroxyl radicals, that may have different resultant reactivity towards chlorine. 399 
Figure 4 shows the formation potentials of AOCl as a function of EDC and Cl2 demand before and 400 
after ozonation. Similar plots for TCM and TCAA are shown in Figure S5. The concentrations of 401 
other DBPs together with EDC and Cl2 demand are also provided in Tables S2 – S3. From the 402 
results, it is evident that the formation potentials of all DBPs have no significant correlation with 403 
the measured EDC and Cl2 demand. This is an indication that the amount of chlorine consumed by 404 
the compounds (i.e., Cl2 demand) was mostly involved in oxidation, rather than substitution 405 
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reactions (Bond et al. 2012) (see also Figure S6). For example, based on AOCl measurements, 406 
only 3% of the chlorine demand of cysteine was attributed to substitution reactions, while the rest 407 
was consumed to oxidize the thiol group possibly forming a sulfonic acid. This reaction will not 408 
translate to a chlorinated organic byproduct. For resorcinol, 35% of the chlorine demand are 409 
involved in substitution reactions to form AOCl. For tannic acid, despite a decrease in chlorine 410 
demand after ozonation, Cl substitution increased up to 60% after ozonation likely due to 411 
formation of smaller oxidation products that are more reactive to chlorine (e.g., muconic-type 412 
compounds, ß-diketoacids, aldehydes, methyl ketones, and others). The opposite occurred with 413 
ozonated vanillin (Cl substitution decreased by 40%) indicating decreased reactivity towards 414 
chlorine as a result of prior oxidation of chlorine’s reactive sites by ozone. For tyrosine and 415 
tryptophan, Cl substitution for AOCl remained at 13 – 20%. All these observations suggest that the 416 
yields of DBPs are dependent on the structural properties of the compounds and their oxidation 417 
products. Thus, the application of Cl2 demand and EDC as surrogate parameters for DBP 418 
formation is quite limited.  419 
These results may be different when source waters of water treatment plants are used. If source 420 
waters have a relatively constant composition (e.g., mostly phenolic compounds), the use of EDC 421 
for DBP monitoring may be feasible since the degree of substitution and oxidation will remain 422 
relatively the same. TCAA formation, for example, might be predicted using EDC of waters rich 423 
in lignins (i.e. vanillin-containing compounds). Source waters containing high concentrations of 424 
phenolic and m-dihydroxybenzene moieties, which are known THM precursors, would likely 425 
produce high THM yields at higher Cl2 demands and EDC. However, as demonstrated in this 426 
study, if the water sample contains a wide mix of oxidant consumers, the MEO method might not 427 
be an appropriate approach for DBP prediction.  428 
 429 
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4. Conclusions 430 
This study provides evidence that the EDC, measured by mediated electrochemical oxidation, 431 
could be a useful approach in assessing the antioxidant capacity of model DOM compounds. The 432 
following conclusions can be drawn in this study: 433 
• EDC correlates well with Cl2 demand of easily oxidizable compounds namely resorcinol, 434 
tannic acid, vanillin, and cysteine. The average oxidation state of C of these compounds 435 
also had an inverse relationship with Cl2 demand.  436 
• HOCl was also shown to abstract more electrons than ABTS•+ generated from MEO (i.e., 437 
Cl2 demand/EDC ≈ 2 for resorcinol, tannic acid, vanillin, and cysteine; >2 for tyrosine and 438 
tryptophan).  439 
• Ozonation of all the compounds (except tyrosine) caused a decrease in EDC, chlorine 440 
demand, and UV absorbance.  441 
• While EDC is a suitable surrogate for Cl2 demand of easily oxidizable compounds, it does 442 
not apply for DBP formation of individual compounds due to varying tendencies of 443 
compounds for oxidation and substitution reactions with HOCl. In practice, this drawback 444 
may not apply to source water of drinking water treatment plants with fairly constant 445 
composition, but warrants further consideration. 446 
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 623 
 624 
Figure 1. Mediated electrochemical oxidation. (a) Experimental set-up based on the study of 625 
Aeschbacher et al. (2010) and (b) Oxidative current responses for determination of electron 626 
donating capacity (EDC) of resorcinol (see  also Figures S1 and S2 for other surrogate DOM 627 
compounds). Oxidizing potential = 0.725 V (vs SHE); contents: 0.1 M phosphate (pH 7) + 0.1 M 628 
KCl + 0.13 mM ABTS + 1–9 mL sample; RVC = reticulated vitreous carbon.  629 
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 630 
Figure 2. (a) Electron donating capacity (EDC) of model DOM compounds compared to Cl2 631 
demand and average oxidation state (AOS) of carbon; (b) Correlation of Cl2 demand and EDC; (c) 632 
Percent distribution of reactive and non-reactive moieties of model NOM compounds towards 633 
ABTS•+ and HOCl relative to tEDC. Black bar: oxidized by ABTS•+; sum of black and white bar: 634 
HOCl demand; white bar: oxidized by HOCl, but not by ABTS•+; grey bar: non-reactive share of 635 
tEDC. Notes: tEDC = 4 - AOS; Error bars show standard deviation in repeated experiments (n=3).  636 
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 637 
Figure 3. Relative residual UV absorbance, electron donating capacity (EDC) and Cl2 demand of 638 
the model compounds after ozonation. Conditions: O3 dose = 0.10 ± 0.01 mol O3/mol C, precursor 639 
DOC = 3.2 ± 0.4 mM C, pH 7 (10 mM phosphate), temperature = 22 °C. Decrease in UV for each 640 
compound were obtained at the following wavelengths corresponding to local maxima: 220 nm 641 
(resorcinol), 278 nm (tannic acid), 348 nm (vanillin), 275 nm (tyrosine), 220 nm (tryptophan), 230 642 
nm (cysteine).  643 
 644 
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 645 
Figure 4. Formation potentials of adsorbable organic chlorine (AOCl) as a function of (a) 646 
electron-donating capacity (EDC) and (b) Cl2 demand of non-ozonated (open symbols) and 647 
ozonated (closed symbols) model compounds. Conditions: samples were diluted 8× prior to 24-h 648 
DBP formation potential test, chlorine residual = 21 ± 5 µM Cl2 (1.5 ± 0.4 mg/L as Cl2), pH = 7, 649 
O3 dose = 0.1 mol O3/mol C. Actual formation potential values are also shown in Tables S2 and 650 
S3.   651 
 652 
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 654 
Table 1. Characteristics of model compounds used in this study 655 
 656 
Model 
compound Structure 
Classificationa, 
chemical group 
Log 
Kow 
kapp O3,  
M-1s-1  
(pH 7) 
EDC, 
mol e-/ 
mol Ci 
Average 
oxidation 
state (AOS)j 
Cl2 demand, 
mol e-/ 
mol Ck 
Resorcinol 
 
Hydrophobic 
acid, phenolic, 
main THM 
precursor from 
aquatic humic 
substances 
0.8b 1.5×106e 0.7675 ± 0.0003 -0.33 1.67±0.06 
Tannic acid 
 
Hydrophobic 
acid, 
polyphenol, a 
type of tannin 
13.33b ~1.4×106f 0.5163 ± 0.0009 0.53 1.224±0.004 
Vanillin 
 
Hydrophobic 
acid, phenolic, a 
type of lignin 
1.25c 4.2×104g 0.5896 ± 0.0003 -0.25 1.51±0.04 
L-Cysteine 
 
Hydrophilic, 
amino acid -2.49
d
 1.6×109h 1.1798 ± 0.0003 -4.67 2.60±0.11 
L-Tyrosine 
 
Hydrophilic, 
amino acid -2.04
b
 2.8×106h 0.1862 ± 0.0002 -1.11 2.04±0.08 
L-Tryptophan 
 
Hydrophobic 
acid/neutral, 
amino acid 
-1.06b 7.0×106h 0.3578 ± 0.0005 -1.64 1.89±0.08 
References: a Bond et al. (2012), b Bond et al. (2009), c Noubigh et al. (2010), d Bond et al. (2014), e Sotelo et al. (1990), f 657 
estimated to be close to the rate constant of phenol (Neta et al. 1988), g estimated from k of 4-cresol (3×104 M-1s-1 (von 658 
Sonntag and von Gunten 2012) and relative rate constants in Heitner et al. (2010)), h Kanofsky and Sima (1991) and Pryor et 659 
al. (1984), i measured in this study: EDC ± Syx (standard error of estimate or variability around the regression line, see 660 
Figures S1 and S2), j calculated in this study, oxidation state of C (Parra et al. 2000), also accounts for contribution of S and 661 
N, k measured in this study, Cl2 demand ± standard deviation (n=3) = 2×(Cl2 added – Cl2 residual) (after 24 h). 662 
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Highlights: 
 
• EDC of easily oxidizable compounds correlates with Cl2 demand 
• Average oxidation state of C is inversely related to Cl2 demand 
• HOCl abstracts more electrons than ABTS•+ 
• Ozonation generally decreases EDC, Cl2 demand, and UV absorbance 
• EDC had no correlation with DBP formation potentials of model DOM compounds 
 
 
 
 
